We determine wind wave properties and estimate the wave exposure along the entire shore of Lake Ü berlingen, a subbasin of Lake Constance, using a third generation spectral wave model (SWAN), and compare results to field data on surface waves at three different sites and to predictions from a simple fetch based model (FETCH). Forcing the models with local wind data measured at a meteorological station in the center of Lake Ü berlingen provides better simulation results than a spatially resolved wind field obtained from the numerical weather system of the Consortium for Small Scale Modeling (COSMO). Because wave diffraction is considered in SWAN but not in FETCH, SWAN provides on average higher wave heights than FETCH and agrees better with observations for waves with heights above 0.15 m. Wave exposure, that is, the frequency of occurrence of wind waves with heights above 0.15 m, varied substantially between different sites along the shore even at small spatial scales. Although the general pattern of wave exposure was similar for simulations with SWAN and FETCH, the model results differed at specific sites, especially at bays and headlands, and also with respect to the absolute values for wave exposure and its variation between sites. Simple fetch models may be insufficient to reliably quantify the spatial variability of wave exposure at small spatial scales, and complex wave models such as SWAN may be required even in medium size lakes.
Surface waves are a significant hydrodynamic process affecting nearshore ecosystems. In the nearshore zone, surface waves dissipate most of their energy, interact with the sediments causing sediment resuspension (Hawley and Lesht 1992; Hofmann et al. 2011 ) and release of pore-water constituents (Søndergaard et al. 1992; Precht and Huettel 2003; Hofmann et al. 2010) , and impose stress on organisms living in the nearshore zone (Scheifhacken et al. 2007) . Several studies have demonstrated that wave exposure is an important factor for the distribution and performance of benthic organisms and for the behavior of fish in the nearshore zone. For example, epiphytic algae show a higher production at wave-sheltered sites (Strand and Weisner 1996) ; wave exposure influences the biomass production and distribution of helophyte species (Coops et al. 1994) ; the sensitivity, selectivity, and species composition of zoobenthos and fish communities differs between surface wave exposed and more sheltered shores (Clark 1997; Abdallah and Barton 2003; Eggleton et al. 2004) ; and the surface wave field affects the survival of fish eggs (Stoll et al. 2010b) , the habitat choice of fishes in the nearshore zone (Stoll et al. 2010a) , and spawning site selection by Eurasian perch (Probst et al. 2009 ). Hence, the characterization of the surface wave field and the spatial variability of wave exposure are of particular importance for an integrated understanding of the environmental conditions and ecological processes in shallow waters.
However, because wind forcing is highly variable, the surface wave field is very heterogeneous in space and time, making the empirical assessment of lakewide and long-term wave forcing in nearshore zones a rather demanding task. Numerical simulation of the wave field may thus provide an important tool to support generalization of empirical results from a limited number of measuring stations to lakewide conditions and time periods beyond measuring periods.
Most studies that have modeled wind-generated surface waves (wind waves) focused on coastal areas. The few studies that simulated wind waves in lakes typically considered very large lakes like Lake Okeechobee (Jin and Ji 2001) or Lake Erie (Moeini and Etemad-Shahidi 2007) . In the ocean and in large lakes, strong and steady winds typically act on a large fetch and thus generate waves with large wave heights that can reach up to several meters during storm events and with large wave periods typically ranging between 5 and 10 s (Komen et al. 1996; Brown et al. 2005; CERC 2009 ). In small to medium-size lakes, in contrast, wind events (time periods with wind speeds sufficiently high to generate surface waves that affect the nearshore zone, e.g., by resuspension) occur only sporadically. Typically, wind speeds are low and act on a limited fetch of only a few kilometers and thus cause waves with small amplitudes, short wave periods, and short wave lengths. For example, a yearlong data set on the surface wave field at the site Littoral Garden (southwestern shore of Lake Ü berlingen) revealed that wave heights and wave periods of wind waves were always smaller than 0.8 m and 2.3 s, respectively (Hofmann et al. 2008) . Since wave characteristics in the coastal ocean and in large lakes differ substantially from those in small and medium-size lakes, the demand on and the parameterization of wave models in both systems differs as well.
In studies considering large lakes and the coastal ocean, surface waves are usually simulated with sophisticated third-generation wave models, such as SWAN or WAM. SWAN was developed for coastal applications and simulates numerous wave parameters at a high spatial and temporal resolution at prescribed wind forcing and bottom topography by solving the spectral action balance equation (Tolman and Chalikov 1996) . Applications of SWAN cover simulations of wave fields in bays (Alari et al. 2008 ), large lakes (Rogers et al. 2003; Moeini and Etemad-Shahidi 2007) , coastal areas , and estuaries (Chen et al. 2005) . SWAN allows consideration of spatially and temporally resolved wind fields to simulate dynamic and spatially resolved surface wave fields. Several studies have shown that the quality of the wind field significantly affects the quality of the simulated surface wave field (Teixeira et al. 1995; Holthuijsen et al. 1996) . In small and medium-size lakes, simplified fetchbased models were usually employed to determine the properties of the wind-wave field and the effect of wave forcing on sediment resuspension and ecological processes (Keddy 1982; De Vicente et al. 2010) .
Here, we compare simulation results on the properties of wind waves in a medium-size lake obtained with the sophisticated SWAN with model results from a simple fetch-based model (FETCH; CERC 2009) and with field data. The comparison of the model results with observations is based on data sets on surface wave properties at a temporal resolution of , 1 minute measured over 46 days at three sites in the nearshore zone of Lake Ü berlingen, a subbasin of Lake Constance. The model performance at the three sites is investigated with respect to observed data and model sensitivity with respect to the choice of wind field and model parameters. From simulated wave fields (SWAN and FETCH), the wave exposure (W exp , or fraction of time during which the significant wave height (H sig ) exceeds 0.15 m in the considered simulation period) of the entire nearshore zone of Lake Ü berlingen is estimated for time periods with different wind forcing. The differences between simulation results in terms of W exp for SWAN and FETCH are discussed. The final section summarizes the results and discusses the implications of the main findings for studies investigating the consequences of wave exposure for nearshore ecosystems.
Methods
Study sites The study is focused on Lake Ü berlingen, a subbasin of Lake Constance located at the northern slope of the central European Alps. Lake Ü berlingen (maximum and mean depths of 147 and 84 m, respectively) is approximately 20 km long, has a mean width of 2.3 km, and is surrounded by hill ranges (Fig. 1) . Between 01 November 2009 and 17 December 2009 (hereafter called the ''observation period''), the wave field was measured at three sites of Lake Ü berlingen (Fig. 1B) : next to the cities Uhldingen (Uhl; 47u439160N, 09u139390E), Sipplingen (Sip; 47u479360N, 09u069060E), and Litzelstetten (Lit; 47u439320N, 09u109450E). The study sites Uhl and Sip are located at the northern shore of Lake Ü berlingen and are exposed mainly to waves generated by southwesterly winds, the most frequent wind direction on the lake. In contrast, site Lit is located at the southern shore and therefore exposed mainly to waves generated by northeasterly winds, the second most frequent wind direction on the lake. The maximum fetch length for these wind directions at Sta. Uhl and Lit is 3.5 km and at Sta. Sip 2.5 km. During the observation period, the three sites were exposed not only to wind waves but also to ship waves that are generated by a car ferry between Konstanz and Meersburg (in the south of Sta. Uhl).
Measurements of the wave field Surface wave parameters were determined from data collected with pressure sensors. The sensors were always positioned 1 m above the bottom at locations with , 2 m water depth next to the steep lake shelf. Pressure measurements were made at a sampling frequency of 16 Hz during the entire observation period. The measured time series of subsurface pressure was converted to a time series of surface elevation following the procedure described by Hofmann et al. (2008) . Significant wave heights (H sig ) and significant periods (T s ) were estimated for segments of 1024 samples (, 1.1 min) by using the zero-upcrossing method (International Association for Hydro-Environment Engineering and Research (B) Lake Ü berlingen (evaluation area) with surrounding topography, the location of the meteorological buoy station (MB), the meteorological station Konstanz (DWD), and the study sites Uhldingen (Uhl), Sipplingen (Sip), and Litzelstetten (Lit).
1989; Hofmann et al. 2008) . Time periods dominated by ship waves were identified using the technique presented in Hofmann et al. (2011) . During these time periods, wind waves are assumed to be absent; that is, H sig of wind waves is set zero. However, periods with ship waves were rare as the observation time period was outside the tourist cruiseship season.
Wave-field simulations are based on wind data with a temporal resolution of 10 min or 1 h (see next section) and thus cannot resolve the response of wave properties to short-term gusts or calms. For the comparison of the observations with the simulations, we therefore smoothed the time series on H sig of wind waves using a low-pass Butterworth filter (cutoff frequency 1.7 3 10 3 Hz, corresponding to a period of , 10 min).
Wind data The SWAN model was forced with three different wind fields. Wind data were extracted from the high-precision numerical weather prediction system of the Consortium for Small-Scale Modeling (COSMO), which is operationally run at the National Swiss Weather Service. COSMO is a nonhydrostatic limited-area model with a spatial resolution of 2.2 km and a temporal output interval of 1 h (Schä ttler et al. 2009 ). The horizontal resolution allows the model to resolve adequately the complex topography of the prealpine area and hence also to capture major local wind systems. The wind field (hereafter called COSMO) was linearly interpolated to the computational grid of 100 3 100 m used in the SWAN model.
A meteorological buoy station in the center of Lake Ü berlingen ( Fig. 1B ; Sta. MB: 47u459470N, 09u079540E) provided wind speed and wind direction 2.9 m above lake level at 1 min time intervals. The data were transformed to provide wind speeds at the reference height of 10 m (U 10 ; required as forcing input by the SWAN model), using a parameterized drag coefficient derived for lakes with low wind speeds (Wü est and Lorke 2003; Guan and Xie 2004) . The wind velocities (component by component) were averaged to provide data on the mean wind forcing over 10 min and 1 h time intervals.
The meteorological station (German Weather Service) in Konstanz (DWD: 47u409390N, 09u119240E; 442 m above sea level) provided local wind data averaged over 1 h 10 m aboveground (Fig. 1B) .
The wind fields ''Buoy'' and ''DWD-Konstanz'' are based on the wind data from the respective station. In these two cases, we assumed that the wind field is horizontally homogeneous, that is, that the same wind speed and direction prevail at all locations in Lake Ü berlingen (SWAN model domain; Fig. 1A ) and correspond to the data measured at the buoy in the center of Lake Ü berlingen or at the DWD station in Konstanz, respectively.
Wave model: SWAN SWAN (version 40.72AB; TU Delft) is a third-generation spectral wave model for windgenerated surface waves that is specifically designed to extend the simulation of wave fields to coastal areas, lakes, and estuaries (Booij et al. 1999; SWAN 2009) . The model simulates wind-wave properties (e.g., H sig and T s ) at each grid point from wind speed, wind direction, and bottom topography as input data by solving the spectral action balance equation (Tolman and Chalikov 1996) :
On the left-hand side, the energy spectrum, F ( f ,h) describes the distribution of wave energy over wave frequency f and wave propagation direction h. Terms for wind input and wave generation (S in ), wave dissipation (S ds ), and nonlinear wave wave interactions (S nl ) represent sources and sinks of wave energy (Tolman et al. 2002) . S in is the sum of linear and exponential wave growth (Booij et al. 1999 ). Linear growth is described by Cavaleri and Malanotte-Rizzoli (1981) . Concerning exponential wave growth, SWAN allows the choice between the formulation by Komen et al. (1984) and the formulation by Janssen (1991) . S ds includes bottom friction (Hasselmann et al. 1973) , wave breaking (Battjes and Janssen (1978) , and whitecapping (Hasselmann 1974) . Four-wave interactions (quadruplet) and three-wave interactions (triad) are implemented into SWAN, where the discrete interaction approximation (DIA) method developed by Hasselmann et al. (1985) and the exact-nonlinear approach (based on the Webb Resio Tracy method; van Vledder 2006) for quadruplets can be optionally chosen. Triads are computed by the lumped triad approximation of Eldeberky (1996) . In this study, SWAN was applied in the nonstationary mode using a time step of 2 min and the backward space, backward time scheme. Wind-generated waves were simulated with a computational and bottom grid using a resolution of 100 3 100 m (SWAN model domain; Fig. 1A ). The SWAN model domain had a much wider extent in the southeast than the evaluation area (Fig. 1B ) that was used in the further analysis of the wave-field properties. The flux of wave energy across the boundaries of the model domain was assumed to be zero. The model domain was therefore chosen to extend to the southern shore and further to the east than the evaluation area to allow an adequate simulation also of those waves that are generated by southeasterly winds and propagate into the evaluation area. Note that southeasterly winds are typically scarce and weak in this part of the lake. The bathymetry, available at a spatial resolution of 20 m, was linearly interpolated to the computational grid. Bottom friction and depth-induced wave breaking were included to describe dissipation of wave energy in the shallow nearshore zone. In addition, triad and quadruplet interaction using the DIA method were activated for nonlinear wave interactions in deep waters. The wave spectrum employed in the simulations considered 44 frequencies that were logarithmically distributed over the frequency range of 0.05 3 Hz (Booij et al. 1999) . Note that the frequency range of the wave spectrum is specifically adjusted to the conditions in small to medium-size lakes and therefore includes higher frequencies than are typically employed in coastal applications but neglects very low frequencies since they do not occur in medium-size lakes. SWAN was operated using the parameterization of wave growth by Komen (model SWAN K) and additionally that by Janssen (model SWAN J). For both models, we used the standard values of all parameters recommended in the SWAN user manual (SWAN 2009 ). The simulations called SWAN Kwc are based on the SWAN K model, in which only the parameter C ds , determining the rate of whitecapping (wc) dissipation, was reduced by 35%.
From the model output, a set of wave properties, including significant wave height (H sig ) and relative (''smoothed'') peak period (T ps ), were stored for every 4 min simulated.
Wave model: FETCH For comparison with the simulation results from SWAN, a simplified fetch-based wave prediction model was applied. Significant wave height (H sig ) was determined from the empirical equation developed by the CERC (2009) Wave statistics The quality of the model simulations was investigated on the basis of the bias and root mean square deviation between observed and simulated significant wave heights. In this regard, low and high wave heights were investigated separately by grouping all data from the three stations into two classes, one measuring H sig # 0.15 m and one measuring H sig . 0.15 m. Wind waves with heights above 0.15 m (wave periods , 2 s) are associated with near-bottom current velocities u max of . 0.1 m s 1 at 1 2 m water depth. Near-bottom current velocities u max . 0.1 m s 1 are sufficient to cause sediment resuspension in the shallow nearshore zone all around Lake Ü berlingen and thus can be expected to have a significant effect on shore morphology and biota in this zone.
Additionally, the deviation between model and data at the three study sites was investigated in more detail by comparing measured and simulated H sig in seven classes of wave height and at each station separately. The basis for this comparison is a classification of measured H sig into six classes of wave heights between 0 and 0.3 m in steps of 0.05 m and a seventh class combining all wave heights . 0.3 m, which, however, was needed only at site Uhl. The simulated wave heights were allocated to the class of H sig measured at the corresponding time. Within each class all measured, respectively simulated, values of H sig were averaged to provide the mean measured or the mean simulated H sig in each wave-height class.
Procedure to estimate wave exposure of nearshore zones The wave models SWAN Kwc and FETCH forced by the Buoy wind field based on hourly mean wind data were applied to determine the wave exposure (W exp ) of the nearshore zones of Lake Ü berlingen during January 2009, March 2009, and the observation period (01 November 17 December 2009). January and March 2009 were chosen in addition to the observation period because the wind fields in the 2 months represent typical northeast and southwest wind conditions, respectively, and are characterized by strong wind events. The calculation of W exp is based on the numerical 100 3 100 m grid employed in SWAN. For each boundary cell, the nearest grid cell toward the open water normal to shore that has a water depth larger than 4 m is identified as corresponding evaluation grid cell. W exp at the location of the boundary cell is defined as the percentage of time intervals (4 min for SWAN Kwc and 60 min for FETCH) during which H sig exceeds 0.15 m (onset of sediment resuspension in the shallow nearshore zone of Lake Ü berlingen) in the respective time series (see above) of simulated wave heights in the evaluation grid cell.
Because of the short fetch lengths (linked to the main wind directions southwest and northeast) in Lake Ü berlingen, wind waves typically have wave lengths less than 9 m. Hence, evaluating wave exposure from waves propagating in at least 4 m water depth makes W exp essentially independent of the exact water depth in the evaluation cells and thus circumvents difficulties arising from the spatial variation in the water depth within and between the shallow boundary cells. In shallow waters, wave heights become rather sensitive to the local water depth and to the empirical parameterizations of bottom friction and nonlinear processes. Because the shallow nearshore zones in Lake Ü berlingen are very narrow (extent 50 100 m), the water depths of the boundary cells of the model grid (100 m) typically result from averaging very different water depths within the boundary cell, leading to a high variability between boundary cell depths due to the inhomogeneous horizontal extend of the nearshore zone. Wave exposure of a shore region as defined by W exp , can be interpreted as the fraction of time during which deep-water waves with H sig . 0.15 m enter into the shallow nearshore zone without being influenced by the variable water depths of the boundary grid cells.
Wave exposure determined with the FETCH model is based on the same evaluation grid cells as in the SWAN model, using the distance between the evaluation cells and the shore in wind direction as fetch length. The sensitivity of the results for W exp from the FETCH model (W exp,FETCH ) to the quality of the wind data was tested by comparing two different estimates of W exp,FETCH : the ''Single'' method and the ''shore protection manual'' (SPM) method recommended by CERC (2009) for fetch-based wave height predictions. In case of the Single method, W exp,FETCH was based on wave heights estimated from the shortest distance to shore in wind direction (single radial). In the SPM method, W exp,FETCH was based on an ensemble of wave heights determined from the distance to shore of nine radials spread three degrees apart, thus opening a fan from 6 12u in wind direction. For the wind fields of the three evaluation periods, both methods led to essentially the same results for W exp,FETCH . The deviation in W exp,FETCH between methods was , 1.2% for all evaluation cells and , 0.04 6 0.30% on average (6 SD). In the following, we only show the results for W exp,FETCH based on the Single method.
Results
Model validation: SWAN forced with different wind fields Wave heights and wave periods simulated with SWAN using the Komen parameterization (SWAN K) were compared to the data measured at the three observation sites during time periods with strong onshore winds (Fig. 2) , that is, at Sta. Uhl and Sip for strong southwesterly winds prevailing from 23 to 24 November 2009 ( Fig. 2A,B ,D,E) and at Sta. Lit for strong northeasterly winds prevailing from 12 to 14 December 2009 (Fig. 2C,F ). Simulations forced with the COSMO wind field typically underestimated wave heights and periods, especially at the Sta. Uhl and Lit. Simulations based on the DWD-Konstanz wind field determined from the measurements at the DWD station in Konstanz provided the best agreement between modeled and measured wave heights at Sta. Uhl, whereas at Sta. Sip and Lit, the best agreement between simulated and measured wave heights were provided by simulations driven with the Buoy wind field. At Sta. Lit, the simulations using the DWD-Konstanz wind field not only significantly underestimated the wave heights for northeasterly winds but also did not adequately represent the temporal variability of the wave heights (Fig. 2C,F,I ,L). In contrast, the simulation of the wave field at Sta. Lit were in consummate agreement with measurements when the Buoy wind field was used, especially if based on the data with 10 min time resolution (Fig. 2C,F) . In general, increasing the temporal resolution of the wind field from 1 h to 10 min increased the shortterm fluctuations in the simulated wave heights in accordance with the data (Fig. 2; Buoy [10 min] ).
The findings above are supported by a statistical analysis that compared model results and data from the entire observation period (01 November 17 December 2009) by distinguishing between small to large wave heights sorted in several wave-height classes ( Fig. 3 ; see the section ''Wave statistics'' for details on the wave-height classes). The influence of the choice of the wind field on model performance (Fig. 3A C) is investigated by simulations with the SWAN model using the Komen parameterization and assuming a reduced coefficient for determining the rate of whitecapping dissipation (SWAN Kwc). In SWAN Kwc, the parameter C ds was chosen to be 1. Compared to simulations with the data-based wind fields, simulations with the COSMO wind field provide the lowest wave heights at all stations and for all wave-height classes. At Sta. Uhl, simulations with the Buoy and DWDKonstanz wind fields provide similar wave heights for almost all wave-height classes except for the largest waveheight class. For the largest wave-height class, the DWDKonstanz wind field provides higher waves than the Buoy wave field and are in better accordance with the data. Note that the waves in the largest wave-height class of Sta. Uhl are those generated by the event of strong southwesterly winds presented in Fig. 2 . At Sta. Sip, simulations with Buoy and DWD-Konstanz wind fields provide similar wave heights. For intermediate wave heights the results obtained with the Buoy wind field agree slightly better with the data than the results obtained with the DWD-Konstanz wind field, whereas for small wave-height classes, this is just the opposite. At site Lit, the simulated wave heights with the Buoy wind field are always larger than the wave heights simulated with the DWD-Konstanz wind field. For the two largest wave-height classes, the simulations based on the Buoy wind field agree better with the data but overestimate the wave heights in the other wave-height classes. Overall, the SWAN simulations with the data-based wind fields tend to overestimate waves with low wave amplitudes and to underestimate waves with higher wave amplitudes (Fig. 3A C) . . The SWAN models were forced by the Buoy (10 min) and the FETCH model by Buoy (1 h) wind field. Simulated and observed significant wave heights were grouped into seven classes. For each time interval, the simulated wave heights were allocated to the class of the corresponding, measured H sig . Within each class all measured, respectively simulated, values of H sig were averaged to provide the mean measured or the mean simulated H sig in each wave height class at the sites Uhl, Sip, and Lit between 01 November and 17 December 2009.
In the following, we concentrate on the capabilities of the model to adequately predict time periods of weak and strong wave forcing in lake nearshore zones by distinguishing small waves with H sig # 0.15 m from large waves with H sig . 0.15 m. According to the field measurements during most of the observation period (01 November 17 December 2009), wave heights were lower than 0.15 m and only during 10% (Uhl), 4% (Sip), and 7% (Lit) of the time waves had heights above 0.15 m. On average, H sig exceeded 0.15 m at the three study sites only 7% of the time. As mentioned above, the simulations with SWAN Kwc typically overestimate the heights of small waves and underestimate the heights of large waves (Fig. 3A C; Table 1 ). Because the simulations forced with the COSMO wind field predict the lowest wave heights compared to the simulations forced with the other wind fields, the model results based on the COSMO wind field have the lowest absolute bias of the average wave height for waves with H sig # 0.15 m (Table 1) . However, simulations using the COSMO wind field significantly underestimate waves with H sig . 0.15 m, as indicated by the highest absolute bias for this wind field in comparison to simulations based on the other wind fields (Table 1 ). The large waves with H sig . 0.15 m are better represented by the data-based wind fields than by the spatially resolved COSMO wind field.
Overall, wave heights simulated with SWAN Kwc using DWD-Konstanz and Buoy wind fields agree similarly well with the data. For wave heights with H sig . 0.15 m, simulations based on the Buoy wind field on average deviates slightly less from the data than simulations relying on DWD-Konstanz wind field. The smallest bias is achieved when using Buoy data at a 10 min time resolution (Table 1) .
Model validation: Different parameterizations of SWAN Simulations based on three different parameterization of the SWAN model were compared to the observations (Fig. 3D F; Table 1 ). Whether the linear and exponential wave growth in SWAN is described by the formulation of the Komen (model SWAN K) or the Janssen (model SWAN J) has no significant effect on the general pattern of the simulated wave dynamics (Fig. 3D  F) . On average, both SWAN K and SWAN J overestimate wave heights of small waves and underestimate waves heights of large waves with H sig . 0.15 m (Table 1) . During several specific events with exceptionally high wave heights that especially occurred for large wind speeds above 8 m s 1 , simulations using the Janssen formulation predict higher wave heights than simulations based on the Komen formulation and the data (Fig. 3D F) . However, when considering the entire observation period, SWAN J tends to predict smaller wave heights than SWAN K, leading to a smaller overestimation of small wave heights and to a larger underestimation of large wave heights by SWAN J compared to SWAN K (Table 1) . Of all SWAN models applied, SWAN J provides the lowest absolute bias to the entire data set, which, however, results from the good performance of the Janssen formulation in predicting wave heights for waves with H sig # 0.15 m, which occur more frequently in Lake Ü berlingen (93%) than waves with larger wave heights (7%). For large waves with H sig . 0.15 m, wave heights simulated with SWAN K are in better With the objective to cause an increase in simulated wave heights for large waves without significantly affecting simulated wave heights for small waves, we lowered the standard value of C ds by 35% to 1.5 3 10 5 (C ds coefficient for determining the rate of whitecapping dissipation) without modifying the other parameters and settings of the SWAN model. The reduction in C ds was based on an estimation by eye to improve the overall agreement between simulated and measured wave heights at the three observation sites. The SWAN model using the Komen formulation with the reduced coefficient for whitecapping (SWAN Kwc) resulted in overall higher wave heights than SWAN K, and the increase in simulated wave heights was larger for waves with H sig . 0.15 m than for waves with H sig # 0.15 m. The increase in wave heights resulted in a slightly larger bias and root mean square error for the average of all data and for waves with H sig # 0.15 m (Table 1) . However, for large wave-height classes, the increase in simulated wave heights significantly improved the agreement between model and observations at the sites Uhl and Sip (Fig. 3D,E) . The wave heights at these sites predicted with SWAN Kwc were still lower than the observed wave heights, but a further reduction of the value of C ds is limited by its negative effect on the agreement between simulation and observation at site Lit, where already the reduction of C ds as in SWAN Kwc led to a significant increase in the overestimation of the observed wave heights (Fig. 3F) . When combining all sites, however, lowering the C ds to the value applied in SWAN Kwc resulted in an overall reduction of the bias between simulated and measured wave heights for H sig . 0.15 m (Table 1) . Waves with large wave heights are expected to have the largest effect on shallow nearshore zones. We therefore focus the estimation of wave exposure of these zones further below on waves with H sig . 0.15 m and hence base the simulation of wave height and the analysis of wave height time series with respect to wave exposure on the model SWAN Kwc forced with the Buoy data.
Comparison of simulation results from SWAN Kwc and FETCH FETCH forced with the Buoy wind field with 10 min time resolution predicted unrealistically large fluctuations in wave heights at a short temporal scale. Apparently, the underlying assumption of FETCH that wave height instantaneously reflects the wind conditions is not fulfilled, suggesting that the wave field requires more than 10 min to reach quasi-equilibrium conditions. However, by averaging over long time periods (e.g., over the entire observation period), the results of FETCH forced by the wind field Buoy (10 min) and Buoy (1 h) do not deviate significantly (Table 1) . In contrast to FETCH, SWAN Kwc provided adequate simulations with the wind field at 10 min time resolution because SWAN Kwc simulates the energy stored in the wave field and thus implicitly integrates the wind forcing over time. However, in the following investigation comparing models SWAN Kwc and FETCH, both models are forced with the Buoy wind field based on hourly mean data. For this wind field, the simulations of SWAN Kwc and FETCH reasonably well reproduce the timing and height of observed wind wave events with large wave heights at all three observation sites (Fig. 4) .
At the sites Uhl and Sip, both of which are exposed to southwesterly winds, events with high wave heights occur for similar winds, with waves being higher at Uhl than at Sip because of the longer fetch at Uhl (Fig. 4A,B) . The results from both models reflect these differences at the two sites. However, both models underestimate the wave heights for the largest waves at site Uhl more strongly than at site Sip, where predictions of large wave heights with both models are in better agreement with the data than at site Uhl (Figs. 3A,B, 4A,B) . At site Lit, the wave heights were generally lower than at the other sites and were on average slightly overestimated by SWAN Kwc and slightly underestimated by FETCH (Figs. 3C, 4C ). Because site Lit is located at the opposite shore to Uhl and Sip, the strong southwesterly winds responsible for the large wave heights at Uhl and Sip do not cause a significant increase in the measured wave heights at Lit. This observation is also reflected in the results from FETCH, but SWAN Kwc overestimates the wave heights at Lit for the strong southwesterly winds (Fig. 4C) . In general, at sites with strong offshore winds, wave heights are overestimated by SWAN Kwc (e.g., around 24 November at site Lit [ Fig. 4C ] or around 14 December at site Uhl [ Fig. 4A] ), but these overestimations of wave heights typically remain small and are below 0.15 m. At sites with strong onshore winds, FETCH typically predicts lower wave heights than SWAN Kwc and in some cases significantly underestimates observed wave heights (Fig. 4; e.g., around 08 December).
The statistical analysis in Table 1 that compares observation data with simulations results from all three observation sites reveals that the models SWAN Kwc and FETCH have the same tendencies for overestimation and underestimation of wave heights for waves with measured H sig # 0.15 m and H sig . 0.15 m, respectively (Table 1) . However, for H sig . 0.15 m, FETCH predicts on average smaller wave heights than SWAN Kwc, as indicated by the larger negative bias of FETCH compared to SWAN Kwc.
Wave exposure of nearshore zones During January 2009, March 2009, and the observation period (01 November 17 December 2009), the wave exposure (W exp ) of the nearshore zones of Lake Ü berlingen can reach percentages , 30%, especially for sites exposed to strong onshore winds ( Fig. 5B ; SWAN Kwc), although winds with large wind speeds occur rather sporadically on the lake.
In January 2009, which was dominated by strong northeasterly winds, especially the southern shores of Lake Ü berlingen were exposed to waves, whereas the wave exposure at the northern shore was comparatively small (Fig. 5A) . In March 2009, when the dominant wind direction for strong winds was opposite to that in January, wave exposure was largest at the northern shores but small at the southern shores (Fig. 5B) . During the observation period, winds from both directions were important but less intense such that wave exposure of both shores was similar but smaller than in January and March (Fig. 5C ). Both models, SWAN Kwc and FETCH, are consistent in the prediction of these differences in exposure between shores, illustrating that opposite shores of the same basin can experience very different wave exposures at monthly time scales. Further, during time periods of same wind conditions, both models indicate a substantial and consistent spatial variation in wave exposure not only between shores with opposite exposure to wind direction but also along shores with similar wind exposure, that is, along the northern (Fig. 5B ) and southern shore (Fig. 5A) , respectively.
Although model results obtained with SWAN Kwc and FETCH agree well with respect to the general large-scale spatial pattern of wave exposure and the changes in this pattern between months, SWAN Kwc provides overall higher wave exposures than FETCH at almost all sites (Fig. 5; W exp, SWAN_Kwc W exp,FETCH ). The two models differ not only in the magnitude of wave exposure but also in the magnitude of the spatial variation of wave exposure at different spatial scales. SWAN Kwc predicts larger changes of wave exposure at small spatial scales than FETCH, especially at headlands and bays, such as at the northern shore of the Isle of Mainau and at the two headlands north of Sta. Lit (Fig. 5B, ellipses) .
Discussion
Model validation and comparison between SWAN and FETCH The differences in the model performance with respect to wave height when driving the SWAN model with the Buoy, DWD-Konstanz, and COSMO wind fields can be explained by the morphometry and the hill ranges surrounding Lake Ü berlingen (Fig. 1B) . Very steep, almost vertical cliffs of , 50 300 m at the southern shore of the northern half of Lake Ü berlingen shelter the water surface against southwesterly winds (Fig. 1B) . Farther to the south, the hills are less high and less steep such that the water surface is not as sheltered as in the northern part of the lake. The COSMO wind field has a spatial resolution of 2.2 km, which apparently is not sufficient to adequately resolve the wind over the water surface of the rather narrow Lake Ü berlingen behind the steep cliffs, leading to an underestimation of the high wind speeds and hence simulated wave heights compared to the data-based wind fields (Figs. 2A C, J L; Table 1 ). As a consequence of the differences in wind sheltering for strong southwesterly winds, wind data from Sta. Buoy can be expected to be more representative for the wind properties passing the lake surface toward Sta. Sip than the wind data from the DWD station in Konstanz, whereas just the opposite is the case for Sta. Uhl. Consistently, wave properties at Sta. Uhl are slightly underestimated when simulations are based on the Buoy wind field, whereas at Sta. Sip, wave properties are overestimated when simulations are based on the DWDKonstanz wind field ( Fig. 2A,B) . At Sta. Lit, the underestimation of the wave heights and especially the comparatively poor representation of the temporal dynamics in wave heights in simulations based on the DWD-Konstanz wind field (Fig. 2C) indicates that wind data from the Buoy station better represent the properties of northeasterly winds passing over the water surface of Lake Ü berlingen than the wind data from the DWD station in Konstanz. Also, the statistics for all stations combined ( Table 1) , suggesting that large waves with H sig . 0.15 m are best reproduced by simulations with the Buoy wind field, support that wind data measured in the center of a lake are a good choice for the simulation of wave exposure in medium-size lakes.
In wave modeling studies, different parameterizations of the SWAN model have been employed, and the advantage of the Komen vs. the Janssen formulation for linear and exponential wave growth has been discussed in the literature. Moeini and Etemad-Shahidi (2007) found that the Komen formulation results in a more adequate simulation of wave heights than the Janssen formulation. Rusu and Soares (2009) claimed the opposite, where both formulations overestimate H sig compared to observations from the coastal ocean. In our study, investigating the specific situation in a medium-size lake, SWAN K as well as SWAN J overestimate wave heights of small waves H sig # 0.15 m and underestimate waves heights of large waves with H sig . 0.15 m (Figs. 2, 3 ; Table 1 ). The model results were rather insensitive to the choice of the specific formulation of exponential wave growth in SWAN (i.e., Komen vs. Janssen), and the comparison between model and data did therefore not allow rejection of one of the model formulations with confidence. The rather good agreement of SWAN K and SWAN J with observations for waves with small heights (note that the bias between simulated and measured wave height is less than 0.01 m for waves with H sig # 0.15 m; Table 1) suggest that the underestimation of wave heights of larger waves may result from an overestimation of wave dissipation. The most sensitive (Moeini and Etemad-Shahidi 2007; van der Westhuysen et al. 2007; Hemer 2009 ) and least understood mechanism for dissipation of wave energy (Gorman and Neilson 1999; Rogers et al. 2003 ) is the rate of energy dissipation by whitecapping described in SWAN by the empirical coefficient C ds . The lowering of the standard value of C ds by 35% to 1.5 3 10 5 for the SWAN model using the Komen formulation (SWAN Kwc) resulted in overall higher wave heights than SWAN K, where the increase in simulated wave heights for waves . 0.15 m was larger than for waves # 0.15 m ( Table 1 ). The SWAN Kwc had the smallest bias between simulated and measured wave heights for H sig . 0.15 m and thus is most suitable for the simulation of large waves H sig . 0.15 m, which are used to estimate the wave exposure of the shallow near shore zone forced by the Buoy wind field.
In small to medium-size lakes, the response of the wave field to changes in wind forcing is comparatively fast. The short fetch lengths (typically 2.5 3.5 km for the predominant wind direction) prevent long-term buildup of the wave field, and the waves generated by previous winds vanish rather rapidly from the lake because of dissipation at the lake shores. Simulations with FETCH based on wind forcing with 10 min time resolution predicted unrealistically large fluctuations in wave heights at short temporal scale, whereas FETCH forced by hourly mean wind fields predicted wave heights that agreed almost as well with observations as those simulated with SWAN. This suggests that the wave field reaches a state close to equilibrium conditions at the prevailing wind forcing within an , 1 h time span. At typical group velocities of 1.5 2.0 m s 1 , the wave energy is transported over a distance of 5 7 km within an hour and thus reaches in most cases the shore, where most of the wave energy is dissipated. The wave field therefore has a rather short memory such that effects of spatial heterogeneities and temporal changes in the wind field cannot accumulate in the wave field over longer times. Thus, spatial and temporal variability in the wind field cannot have a large effect on the wave heights and consequently cannot cause significant deviations from wave heights estimated by FETCH forced with hourly mean wind data.
The statistical analysis of wave height (Table 1) revealed that the bias between simulated and measured wave heights for waves with H sig . 0.15 m was more negative for model results obtained with FETCH than with SWAN Kwc (FETCH results had the largest negative bias of all models). The difference between the simulations with FETCH and SWAN Kwc can be explained by diffraction of waves considered in SWAN Kwc but not in FETCH, as is illustrated in Fig. 6 for a strong stationary west wind (U 10 5 6 m s 1 ). According to the assumptions in FETCH, waves forced by a west wind should propagate strictly eastward (Fig. 6B) , whereas SWAN Kwc, considering diffraction (and refraction in shallow waters) of waves, predicts waves that propagate mainly in a southeasterly direction (Fig. 6A) . Because the path of the waves in SWAN Kwc is essentially along the direction of basin orientation, the effective length over which wind energy can be transferred to the waves is much larger than the distance to shore in eastward direction. The distance to shore in the eastward direction, however, is taken as fetch length in FETCH. The traveled distance of a wave reaching a specific site can be up to four times larger in SWAN Kwc than in FETCH. Hence, under the same wind conditions, simulated wave heights at the bended shores of narrow Lake Ü berlingen tend to be larger in SWAN Kwc than in FETCH. Unfortunately, FETCH cannot easily be adopted to account for the effects of diffraction by considering the increased travel distances to shore of the diffracted waves as fetch because the wind force is not acting in the direction in which the diffracted waves propagate. Furthermore, the consequences of diffraction on the effective fetch vary with wind direction and position in the lake. Hence, investigations requiring information on the spatial distribution of wave heights at different locations in a lake may profit from the application of SWAN because even in mediumsize lakes, wave heights are affected by diffraction of surface waves (Fig. 6) , a process that is not considered in FETCH but in SWAN.
Wave exposure of nearshore zones and implications SWAN Kwc provides overall higher wave exposures than FETCH at almost all sites in Lake Ü berlingen and predicts a larger magnitude of the spatial variation of wave exposure at different spatial scales ( Fig. 5 ; SWAN Kwc FETCH). The larger exposures in SWAN Kwc compared to FETCH are a consequence of the generally higher wave heights in SWAN Kwc that result from diffraction of waves as discussed above. At shores with onshore wind, wave exposure increased in the southeastern direction (Fig. 5B) as a consequence of the increase in fetch length in the southeastern direction. This effect is amplified in SWAN Kwc compared to FETCH because of diffraction of the waves that results in a bended direction of wave propagation thereby increasing the path length of waves traveling southeast. Further, diffraction can be sufficient that sites with offshore winds are exposed to waves traveling on a bend path over long distances (Fig. 6A) , as is illustrated by the increased exposure in March 2009 at the southern shore.
As a consequence of diffraction that results in waves propagating in a cross-wind direction, SWAN Kwc predicts larger changes of wave exposure at small spatial scales than FETCH, especially at headlands and bays. This is exemplified by the west-wind event considered in Fig. 6 , which generates waves that approach the headlands north of Sta. Lit and the northern shore of the Isle of Mainau after having traveled a far distance until they reach the respective sites (Fig. 6A) . In contrast, the distance to shore against wind direction employed as fetch length in FETCH is very short for these sites (Fig. 6B) .
FETCH is commonly employed in studies investigating the effect of surface waves on biota and ecological conditions in shallow nearshore zones of lakes (Keddy 1982; Rohweder et al. 2008; De Vicente et al. 2010 ) because fetch models (FETCH) are easy to apply and need only a few input parameters (e.g., water depth, fetch length, and wind speed). In small lakes and in lakes with simple morphometry (e.g., circular lakes), the application of fetch models is reasonable because these models can be expected to be sufficient to provide reliable estimates of wave parameters and wave exposure. However, the model results in this study suggest that in lakes with complex morphometry (e.g., elongated, serrated shore line, and endued with islands) processes, such as wave wave interactions, diffraction, and refraction that are not included in fetch models, can play an important role even in medium-size lakes, affecting the estimates of exposure of lake shores and in particular the estimated spatial variation in wave exposure at small spatial scales. The latter may be ecologically relevant, such as for the spatial distribution of sites of resuspension vs. sedimentation or for the spatial scale at which organisms find refuge, and may be available for recolonization after disturbances of benthic communities by wave forcing. Hence, not only in large lakes with complex morphometry but also in medium-size lakes, investigations on the role of surface waves on the ecosystem in the shallow nearshore zone may profit from the application of sophisticated wave models such as SWAN provided that reliable and sufficient information on the wind field is available to drive the model.
